An X-ray crystal structural analysis revealed that (2S,3S)-N-acetyl-2-amino-3-methylpentanoic acid (Nacetyl-L-isoleucine; Ac-L-Ile) and (2R,3S)-N-acetyl-2amino-3-methylpentanoic acid (N-acetyl-D-alloisoleucine; Ac-D-aIle) formed a molecular compound containing one Ac-L-Ile molecule and one Ac-D-aIle molecule as an unsymmetrical unit. This molecular compound is packed with strong hydrogen bonds forming homogeneous chains consisting of Ac-L-Ile molecules or Ac-D-aIle molecules and weak hydrogen bonds connecting these homogeneous chains in a fashion similar to that observed for Ac-L-Ile and Ac-D-aIle. Recrystallization of an approximately 1:1 mixture of Ac-L-Ile and Ac-D-aIle from water gave an equimolar molecular compound due to its lower solubility than that of Ac-D-aIle or especially Ac-L-Ile. The results suggest that the equimolar mixture of Ac-L-Ile and Ac-D-aIle could be obtained from an Ac-L-Ile-excess mixture by recystallization from water.
Since L-Ile can easily be obtained from proteins, D-aIle has been mostly prepared from L-Ile by the usual method of epimerization and various ways of separating the derivatives of D-aIle from diastereoisomeric mixtures. Some chemoenzymatic methods made use of hydrolase 6) or alcalase 7) with laborious procedures. On the other hand, a diastereoisomeric mixture can be easily separated by managing the chiral derivatives of amines 9) or tartaric acid, 10) but the diastereoisomers can be separated without using chiral resolving reagents, as we have shown in the previous report. 11) In general, the solubility and crystal properties of a single enantiomer and its racemates have strong influence on the separation and optical resolution into a single enantiomer. A racemate existing as a conglomerate can be separated into a single enantiomer by preferential crystallization or replacing crystallization. On the other hand, it is difficult to separate a single enantiomer when the racemate is more stable or less soluble than the single enantiomer without using a resolving agent. Understanding the factors related to these properties is important for obtaining a single enantiomer from a racemic mixture. We report in this paper structural and solubility studies clarifying the reason why it is difficult to separate the N-acetylated derivative of L-Ile, Ac-L-Ile (1) , and that of D-aIle, Ac-D-aIle (2), and why conversion to ammonium salts facilitates this separation.
Materials and Methods

Preparation of the 1:1 molecular compound of Ac-L-Ile (1) and
Ac-D-aIle (2) , Ac-L-Ile . Ac-D-aIle (3) . To a solution of L-Ile (13 g, 99 mmol) in acetic acid (80 ml) was added acetic anhydride (13 ml, 140 mmol) dropwise, before the resulting solution was stirred at 80 C for 3 h and evaporated to dryness. The residue was recrystallized from water. Yield, 14.3 g (83.4%); ½ 25 D À2:0 (c 1, water). Compound 3 was obtained by recrystallization from the aqueous solution of an equimolar mixture of 1 and 2.
Ac-L-Ile (1), Ac-D-aIle (2), and their ammonium salts, Ac-L-Ile . NH 3 and Ac-D-aIle . NH 3 , respectively, were prepared according to the literature. 11) Solubility. Solubility was calculated from the weight of the precipitated crystals. In addition, for the mixtures of Ac-L-Ile and Ac-D-aIle, the solubility of each compound was calculated from the ratios of the integrated peaks for the -protons of Ac-L-Ile and Ac-D-aIle in the 1 H-NMR spectra of the precipitate at 20 C. Ac-L-Ile (1): 3.43 g/(100 g of water); Ac-D-aIle (2): 1.83 g/(100 g of water); Ac-L-Ile . Ac-D-aIle (3): 2.34 g/(100 g of water).
y To whom correspondence should be addressed. Fax: +81-6-6330-3770; E-mail: t.yajima@ipcku.kansai-u.ac.jp Biosci. Biotechnol. Biochem., 73 (10), 2293-2298, 2009 X-Ray crystal structure analyses. Crystals for the X-ray crystal structure analyses were obtained by recrystallization from water. The X-ray experiments for 1, 2, and 3 were carried out with a Rigaku RAXIS imaging plate area detector with graphite-monochromated Mo K radiation. The crystals were mounted on nylon loops at À150 C. To determine the cell constants and orientation matrix, three oscillation photographs were taken for each frame with an oscillation angle of 3 and exposure time of 15 s. Intensity data were collected by taking oscillation photographs, and the reflection data were corrected for Lorentz and polarization effects. The structures were solved by the direct method 12) and expanded by the Fourier technique. 13) Nonhydrogen atoms were refined anisotropically by full-matrix leastsquares calculation. Hydrogen atoms were found on the difference Fourier map and isotropically refined. All calculations were performed by using the CrystalStructure 14) and Crystals 15) crystallographic software packages. Crystallographic data for 1, 2, and 3 are summarized in Table 1 and have been deposited with the Cambridge Crystallographic Data Centre (CCDC) as supplementary publication numbers CCDC-733540, -733541, and -733539, respectively. Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44-1223-336-003; Email: deposit@ccdc.cam.ac.uk). 
Results and Discussion
Crystal and molecular structures of diasteroisomeric compounds of N-acetyl-2-amino-3-methylpentanoic acid N-Acetyl-2-amino-3-methylpentanoic acid has two hydrogen bond donors (the OH group of carboxylic acid and the NH group of the acetylamino moiety) and two hydrogen acceptors (the CO groups of the carboxylic acid and acetylamino moieties). The structures of 1, 2, and molecular compound Ac-L-Ile . Ac-D-aIle (3) have similar intermolecular hydrogen bonds which are present between the OH group of carboxylic acid and the CO group of acetylamino moiety and between the NH group of the acetylamino moiety and the CO group of the carboxylic acid ( Table 2 ). The OHÁ Á ÁOC hydrogen bonds (OÁ Á ÁO distances of 2.54-2.58 Å ) were shorter than the NHÁ Á ÁOC hydrogen bonds (NÁ Á ÁO distances of 2.90-2.97 Å ), indicating that, in forming the crystal structures, the hydrogen bond between the two electronegative oxygen atoms was stronger and more predominant than that involving a less electronegative nitrogen atom and an oxygen atom, this being in line with the difference in polarization of the O-H bond in carboxylic acid and the N-H bond of the acetylamino moiety.
Compound 1 recrystallized from water as colorless crystals had an anti conformation of the ethyl group on C to the acetylamino group on C when viewed along the C(2)-C(3) bond (Fig. 1) , this being similar to the conformation of the anionic form of 1 in Ac-L-Ile . NH 3 11) and resulting in an extended structure ( Table 3 ). The stronger intermolecular hydrogen bond, OHÁ Á ÁOC, and the P2 1 symmetry of crystal packing arranged the Ac-L-Ile molecules in a zigzag fashion along the b axis. Parallel zigzag chains formed a layered structure aligned in the ab plane consisting of the hydrophilic layers with the acetylamino and carboxylic acid moieties and the hydrophobic layers with the 1-methylpropyl groups (Fig. 2) .
Compound 2 collected as colorless crystals from an acidified solution of Ac-D-aIle . NH 3 was analyzed to
give the structure shown in Fig. 3 . While the COOH groups of Ac-L-Ile in 1 and all of the nonacetylated 2-amino-3-methylpentanoic acids 16) were anti to the -hydrogen atom around the C -C bond, the COOH group of Ac-D-aIle in 2 was found to be located in the anti position of the ethyl group on C , so that the Ac-D-aIle molecule had a structure bent at the C position. The crystal packing did not exhibit clear alternate hydrophilic-hydrophobic layers due to the extended directions of the intermolecular hydrogen bonds and 1-methylpropyl groups. The intermolecular hydrogen bonds appear to have been protected by the 1-methylpropyl groups sandwiching them.
Molecular compound Ac-L-Ile . Ac-D-aIle (3) was obtained as colorless crystals by recrystallization of an approximately 1:1 mixture of Ac-L-Ile and Ac-D-aIle from water. An unsymmetric unit in the crystal structure contained one molecule of 1, denoted as molecule A, and one molecule of 2, denoted as molecule B, as shown in Fig. 4 . The two diastereoisomeric molecules were connected by two weak intermolecular hydrogen bonds between the acetylamino NH moiety and the CO moiety of the carboxylic acids ( Table 2 ). Both 1 and 2 formed chains consisting of the same diastereoisomers and grown toward the c axis by hydrogen bonds between the OH group of the carboxylic acid moiety rotated around Table 3 . Torsion Angles of 1, 2 and 3
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Hydrophilic layer the C -C COOH bond (Table 3 ) and the CO group of the acetylamino moiety. A layer structure was formed by hydrophilic and hydrophobic chains in the ac plane like that in 1 (Fig. 5) . With respect to the conformations of the molecules, the conformation of the -position methyl group around the C -C bond and the direction of OH group of the carboxylic acid of the Ac-D-aIle molecule in 3 were only slightly different from those in 2, but the conformation of the Ac-L-Ile molecule in 3 (Fig. 4b) was very different from those in 1 (Fig. 1b) , its conformation being more like that of the Ac-D-aIle molecule in 2 (Fig. 3b ) and in 3 (Fig. 4c ). The similarity in conformation of the Ac-L-Ile and Ac-D-aIle molecules in 3 was favorable for forming the molecular compound, which may have had a crystal packing similar to that in the racemic compound, Ac-DL-Ile or Ac-DL-aIle (data not shown), as seen in the crystals of 2-amino-3methylpentanoic acids (vide infra). 16) The methyl and ethyl groups of Ac-L-Ile were in a rotational isomer regarding the C -C bond that was different from that observed for Ac-D-aIle, but this may not have caused any significant difference in size.
Effect of ammonium ions on hydrogen bonds in the crystals
Conversion of a carboxylic acid to an ammonium carboxylate may influence on the intermolecular interactions in crystals in the following respects: i) loss of hydrogen bonds involving the OH group of the carboxylic acid, and ii) formation of hydrogen bonds involving the ammonium ion. Crystals of N-acetyl-2amino-3-methylpentanioc acids, 1, 2, and 3, maintained crystal packing by homogeneous chains formed by a hydrogen bonding network involving the carboxylic acid and acetylamino moieties of Ac-L-Ile or Ac-D-aIle. Deprotonation of the carboxylic acid destroyed this network, but the ammonium ion in Ac-L-Ile . NH 3 and Ac-D-aIle . NH 3 replaced the proton and interacted with the deprotonated carboxylate and the CO moiety of the acetylamino group and, in addition, two more carboxylate oxygens gathered around the ammonium ion by strong hydrogen bonds with an electrostatic nature. 11) Various solid-state structures of the compounds and molecular compounds of 2-amino-3-metylpentanoic acids, Ile and aIle, suggest that the 1-methylpropyl side chain is not suitable for crystal packing because of its There may be no question about the crystal packing of N-acetyl derivatives and their ammonium salts which are strongly influenced by the asymmetric side chain groups and the hydrogen bonds containing the OH moieties of carboxylic acids or the ammonium ions. In crystals of the N-acetyl derivatives, these two factors work to form molecular compound 3. The four strong hydrogen bonds around the ammonium ion, which attract the carboxylate groups of two extra molecules of Ac-L-Ile or Ac-D-aIle, may be considered to form the asymmetric 1-methylpropyl side chain to discriminate themselves in crystals of the ammonium salts. 11)
Solubility of the mixtures of Ac-L-Ile and Ac-D-aIle and their ammonium salts
Recrystallization of an approximately 1:1 mixture of Ac-L-Ile and Ac-D-aIle gave molecular compound 3, suggesting that 3 would be less soluble in water than stereochemically pure 1 and 2. Compound 1 was about 2 times more soluble in water than 2, but the addition of 2 to an aqueous solution of 1 decreased the solubility of the latter. The solubility in water of mixtures of 1 and 2 at various ratios is shown in the ternary phase solubility diagram (Fig. 6 ) which indicates that a mixture with a molar ratio around 0.5 may give molecular compound 3
Ac-L-Ile chain
Ac-D-aIle chain and that, in particular, an Ac-L-Ile-excess mixture would easily give crystals of 3. On the other hand, the solubility diagram for the Ac-L-Ile . NH 3 -Ac-D-aIle . NH 3 -95% C 2 H 5 OH system exhibited no local minimum ( Fig. 7) , showing that Ac-L-Ile . NH 3 and Ac-D-aIle . NH 3 formed a simple mixture. Recrystallization from 95% C 2 H 5 OH of an approximately 1:1 mixture of Ac-L-Ile . NH 3 and Ac-D-aIle . NH 3 gave pure crystals of Ac-D-aIle . NH 3 and an Ac-L-Ile . NH 3 -excess solution, 11) this giving crystals of 3 and an Ac-L-Ile-excess solution by acidification in water (vide supra).
Concluding remarks X-Ray crystal structure analyses and solubility studies revealed that Ac-L-Ile (1) and Ac-D-aIle (2) formed molecular compound 3 upon recrystallization of a nearly 1:1 or Ac-L-Ile-excess mixture. We have already reported that an approximately 1:1 mixture of Ac-L-Ile . NH 3 and Ac-D-aIle . NH 3 , including an ammonium salt of 3, was separated to pure Ac-D-aIle . NH 3 and an Ac-L-Ile . NH 3 -excess mixture by recrystallization from 95% C 2 H 5 OH. 11) Acidification of the Ac-L-Ile . NH 3excess mixture gave molecular compound 3 and a higher diastereoisomeric excess mixture of Ac-L-Ile. The foregoing procedure for obtaining D-aIle derivatives can contribute to cutting the cost of preparing D-aIle.
